One sentence summary: Here, we identify novel genetic markers that can potentially differentiate between pathogenic and non-pathogenic Escherichia coli strains from the B2 phylogenetic group.
INTRODUCTION
The pathogenic potential of Escherichia coli can range from a harmless commensal to a virulent pathogen associated with intestinal and extraintestinal diseases. Based on their serological and virulence characteristics, enteric E. coli strains have been classified into different pathovars including enterotoxigenic E. coli (ETEC), enteropathogenic E. coli (EPEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), adherent-invasive E. coli (AIEC) and diffusely adherent E. coli (DAEC) (Kalita, Hu and Torres 2014) . Extraintestinal strains are generally referred to as extraintestinal pathogenic E. coli (ExPEC) . Phylogenetic analysis has categorized E. coli into seven main groups: A, B1, B2, C, D, E and F. This was performed using multilocus sequencing typing (MLST) for the genes dinB, icdA, pabB, polB, putP, trpA, trpB and uidA (Pasteur Scheme) (Jaureguy et al. 2008; Moissenet et al. 2010; Clermont et al. 2013) .
The B2 phylogenetic group is diverse in pathogenic potential; it contains commensal E. coli but can also include pathogenic isolates such as AIEC and ExPEC [including uropathogenic E. coli (UPEC)] (Moissenet et al. 2010; Clermont et al. 2013) . AIEC have been associated with the development of Ileal Crohn's disease (Darfeuille-Michaud et al. 2004) , while ExPEC can cause infections outside the gastrointestinal tract, with UPEC being localized to the urinary tract. MLST analyses using markers such as aspC, clpX, fadD, icdA, lysP, mdh and uidA of four AIEC strains (HM605, LF82, NRG857c and UM146) belonging to the B2 phylogenetic group revealed that AIEC strains cluster with B2 Ex-PEC strains including UPEC strains (Miquel et al. 2010; Nash et al. 2010; Clarke et al. 2011; Krause et al. 2011) . These findings suggest shared genetic characteristics and ancestry across certain AIEC and ExPEC (including UPEC) strains belonging to the B2 phylogenetic group.
Given that the B2 phylogenetic group contains both commensal and pathogenic strains, there is a need to differentiate B2 strains based on pathogenic potential. Thus, in this analysis, we have investigated the presence of novel genetic markers that can differentiate a subgroup within the B2 phylogenetic group containing AIEC and other pathogenic strains of E. coli (ExPEC, including UPEC) . Four AIEC belonging to the B2 phylogenetic group were used as representative pathogenic strains, given that the pathogenic potential of these strains has been tested experimentally (Miquel et al. 2010; Nash et al. 2010; Clarke et al. 2011; Krause et al. 2011) . As a proof of concept step, we used a limited dataset of single one-to-one sequence orthologs from the E. coli strains available in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to identify members of a subgroup within the B2 phylogenetic group that were closely related to B2 AIEC strains. The second step involved the complete identification and validation of all SNPs across the KEGG E. coli strains.
MATERIALS AND METHODS
Identification of amino acid changes specific to a subset of strains belonging to the B2 phylogenetic group A systematic approach was undertaken to define a set of amino acid changes (AACs), which can genotypically differentiate B2 AIEC strains, and the smallest possible set of additional E. coli strains from the rest of the sequenced strains (Fig. S1 , Supporting Information). Sequences for all proteins from individual E. coli strains were downloaded from KEGG and NCBI ftp sites (April 2015) .
The first step was the definition of a set of core proteins that are found in all 62 well-characterized E. coli strains from KEGG (complete genomes). Proteins from individual strains were mapped to known orthologous groups from the OrthoMCL database using a genome-scale algorithm OrthoMCL (Li, Stoeckert and Roos 2003) . 1420 proteins with single orthologs in all strains were identified as core proteins for the 62 E. coli strains available in KEGG. Core proteins with their corresponding orthologs were aligned using the multiple sequence alignment tool ClustalW (Larkin et al. 2007) . Customized python scripts were developed to identify sets of AACs, which grouped the AIEC with the least possible number of associated E. coli strains (tier I: AACs that grouped a maximum of five strains with AIEC; tier II: AACs that grouped a maximum of six strains with AIEC). These AACs identified in the proof of concept analysis were then used to investigate the complete set of all sequenced 1311 E. coli complete and draft genomes available in NCBI (four B2 AIEC and 1307 other strains).
In a separate analysis, a list of proteins unique to known B2 AIEC and the smallest set of associated strains were determined (Fig. S1 , Supporting Information). Protein orthologs identified using OrthoMCL were checked for specific conservation across the 62 KEGG strains and then against the complete set of 1311 sequenced E. coli strains. The list of 62 KEGG E. coli strains and a complete list of 1311 E. coli strains can be found in file S1 (Supporting Information).
Phylogeny and domain analyses
MLST using the concatenated and aligned protein sequences of the seven housekeeping genes aspC, clpX, fadD, icdA, lysP, mdh and uidA (Nash et al. 2010) was performed using the neighborjoining method within the MEGA6 tool (Tamura et al. 2013) . Evolutionary distances were computed using the Poisson correction method. The Harvest suite for rapid-core genome alignment (Treangen et al. 2014 ) was used to generate core genome phylogeny using the maximum likelihood method (average core genome: 60.1%). The Simple Modular Architecture Research Tool (SMART) (Letunic, Doerks and Bork 2012) was employed for the prediction of protein domains for functional analysis of the proteins containing the AACs.
Pan-genome SNP identification using kSNP and phenotype prediction using PPFS2
Here, we used the statistical tools kSNP (Gardner and Hall 2013) and PPFS2 (Hall 2014) to determine if any SNPs showed diagnostic capabilities across the strains within the subgroup identified in the previous analysis. In addition, we also investigated if a possible strong clustering based on the high resolving diagnostic SNPs could add credibility to a possible phenotype-based association across this subgroup.
The tool kSNP used a k-mer approach to account for the high variation in the presence/absence of DNA sequences across strains. The k-mer size, an odd number, defined the length of the oligonucleotides that kSNP identified in all of the sequences. Based on the input genomes, the kchooser module of kSNP calculated the optimized k-mer length value for the kSNP run. The kSNP tool produced multiple files including annotated core and pan-SNP definitions for further downstream analysis with the tool PPFS2.
The tool PPFS2 identified the SNPs with alleles distributed non-randomly with respect to a phenotype. It shortlisted a minimum set of such SNPs, defined as diagnostic, with low Chisquare probabilities, and thus, more resolving power to predict the phenotypes of all strains in the kSNP data. As input parameters to PPFS2, we designated the B2 AIEC strains with a 'positive' phenotype and strains closely related to AIEC (tier I AAC analysis) with an 'unknown' phenotype. In order to avoid any possible selection bias, we repeated the process of defining diagnostic SNPs using PPFS2 over multiple iterations. In the first iteration, only B2 strains closely related to AIEC were designated with the 'unknown' phenotype. In subsequent iterations, a set of 10 additional randomly selected strains from the list of remaining KEGG strains (non-associated) were also designated with the 'unknown' phenotype while the rest of the strains were marked with a 'negative' phenotype.
The PPFS2 algorithm itself is based on a bootstrapping approach. In each cycle, it designates a user-defined number of random strains with 'known' phenotypes as 'unknown'. It then compares the phenotypes predicted for these strains, using the set of identified diagnostic SNPs with their actual known phenotypes to determine the accuracy of the phenotype predictions. Thus, in effect, PPFS2 only uses the information in the subset of strains whose phenotypes were still marked as 'known' to make the predictions. The number of SNPs, designated as diagnostic for a particular set of SNPs and phenotype definitions is determined by certain termination conditions, including the statistical parameter 'positive predictive value (PPV)'. A stringent PPV cut-off of 97% was used in our analysis. PPFS2 also used parameters such as 'mean probability positive' and 'mean probability negative' to define the fraction of SNPs that predicted a positive or a negative phenotype.
RESULTS AND DISCUSSION

Identification of AACs specific to a subgroup within the B2 phylogenetic group
Given that the B2 phylogenetic group of E. coli comprises a range of commensal and pathogenic strains, we attempted to identify biomarkers that may differentiate B2 strains based on pathogenic potential. For this, we utilized four AIEC belonging to the B2 phylogenetic group as representative pathogenic strains. The first step of our analysis was to identify AACs that differentiated a subset of strains that showed closest association to four AIEC within the B2 phylogenetic group (Fig. S1 , Supporting Information). 1420 core proteins, which showed single orthologs across the 62 strains, were identified and analyzed.
Initially, the maximum number of additional strains was limited to one; however, this did not identify any AACs. A series of subsequent analyses, that increased the number of additional strains each time, identified six AACs (tier I), which consistently grouped the same five strains with B2 AIEC (Table 1) . These included strain UTI89 (UPEC; KEGG: eci; patient with acute bladder infection), strain ECOK1 (avian; KEGG: ecv; lung of a chicken clinically diagnosed with colisepticemia), strain ECO45 (ExPEC; KEGG: ecz; cerebro-spinal fluid of a new born with neonatal meningitis), strain IHE3034 (ExPEC, KEGG: eih; neonatal meningitis) and strain PMV-1 (ExPEC, KEGG: ecoi: accession number: NC 022371) (Chen et al. 2006; Johnson et al. 2007; Touchon et al. 2009; Moriel et al. 2010; Peris-Bondia, Muraille and Van Melderen 2013) . The three ExPEC strains identified appear to be clinically relevant, given that both ECO45 and IHE3034 have been isolated from cases of meningitis, while PMV-1 has been shown to be highly virulent in animal models (van Westerloo et al. 2005) . Importantly, when compared to all other bacterial and nonbacterial prokaryotes, these AACs were found to be exclusively conserved in E. coli, suggesting that the changes occurred after the speciation of E. coli.
The AAC identification pipeline was re-run but with the number of additional strains increased to six (Table S1 , Supporting Information). This identified a total of 16 AACs, of which 10 AACs defined as tier II AACs (AACs 1-10) differentiated the four B2 AIEC and six associated strains (KEGG codes: eci, ecv, eih, ecz, ecoi and ecq) from the remaining 52 KEGG E. coli strains. Additionally, four other AACs (AACs 11-14) were identified which differentiated B2 AIEC and a similar set of six additional strains (KEGG codes: eci, ecv, eih, ecz, ecoi and ecp). A further two AACs (AACs 15, 16) were identified which differentiated the strains eci, ecv, eih, ecz, ecoi and ecg. Together, the three groups of AACs The 73 strains found most closely associated with B2 AIEC using tier I AACs fall on the same sub-branch with AIEC and B2 strains. The phylogenetic tree was drawn using the neighbor-joining method within the MEGA6 tool using the common MLST housekeeping genes aspC, clpX, fadD, icdA, lysP, mdh and uidA for the four AIEC strains, the 73 strains found most closely associated with AIEC using the tier I AAC analysis and representative strains from E. coli subgroups A, B1, B2, E and D/F. Black circles denote the four known AIEC strains. Sequence data were sourced from the NCBI database.
(AACs 1-10, 11-14 and 15-16) had the same set of five strains (eci, ecv, eih, ecz and ecoi) grouped with B2 AIEC by the tier I AACs with an additional strain (either ecq, ecp or ecg) for each group of AACs. These three additional strains corresponded to O81 ED1a (Commensal; KEGG: ecq; faeces of a healthy man), O6:K15:H31 (UPEC; KEGG: ecp; patient with acute pyelonephritis) and O127:H6 E2348/69 (EPEC; KEGG: ecg; outbreak of infantile diarrhea). While strains ecq, ecp and ecg appear to share some similarity with the B2 AIEC, given that ecq is a commensal strain, we concluded that tier II AACs may not be sufficiently stringent. The six tier I AACs (Table 1) were then used to scan the complete set of 1311 sequenced E. coli strains available in NCBI. Each AAC grouped the B2 AIEC with a restricted set of E. coli strains (numbers ranging from 89 to 149), with only 73 strains containing all tier I AACs. These 73 strains were made up of UPEC and ExPEC strains and the potential AIEC strain MS 110-3 (isolated during a study on Crohn's disease patients). Both MLST analysis and core-genome phylogeny were conducted for the four B2 AIEC strains, the above 73 strains, and previously documented representative strains (Nash et al. 2010 ) from E. coli subgroups A, B1, B2, E and D/F (Fig. 1, Fig. S2, Supporting Information) . All of the 73 associated strains grouped with B2 AIEC and other B2 E. coli strains (Fig. 1, Fig. S2 , Supporting Information), indicating that these tier I AACs differentiate B2 AIEC and a specific subset of pathogenic strains belonging to the B2 phylogenetic group.
Phenotype analysis by PPFS2 using the SNPs identified by kSNP confirms the subgroup of pathogenic B2 strains
The identified subgroup within the B2 phylogenetic group was further verified by performing a more comprehensive analysis, which included using the complete set of both core and noncore SNPs. Here, we used the tool kSNP to identify 308 619 SNPs across the KEGG E. coli strains, annotated using the E. coli strain LF82 (AIEC) as reference. We then used the SNPs from kSNP and Table 2 . A consensus set of 29 diagnostic SNPs were identified, which displayed high resolving power to define the B2-specific subgroup. the strain associations highlighted in the tier I AAC analysis to verify the subgrouping within the B2 phylogenetic group. The tool PPFS2 (Fig. S1 , Supporting Information) was used to identify a statistically significant set of diagnostic SNPs, that were highly correlated with a possible phenotype from the total pool of SNPs; in this case, the phenotype being association with B2 AIEC. We used the bootstrapping approach implemented by PPFS2 to identify a set of 29 consensus diagnostic SNPs (Table 2) , SNPs which displayed the lowest probability of being randomly distributed. We then used PPFS2 to categorize the strains into positive or negative phenotype based on these 29 SNPs. Each of our PPFS2 runs undertaken in the iterations independently assigned the B2 AIEC and the same set of five strains (eic, eioc, eih, ecz, ecv) a 'positive' phenotype while the rest of the KEGG strains were assigned the 'negative' phenotype (Table S2 , Supporting Information). Importantly, when the above five strains (eic, eioc, eih, ecz, ecv) were assigned a negative phenotype, with AIEC assigned a positive phenotype and all other strains an unknown phenotype, no diagnostic SNPs were identified by PPFS2. The three strains ecq, ecg and ecp displayed a mixed phenotype with around equal percentage of SNPs defining opposite phenotypes (file S1, Supporting Information). Notably, these strains were the same three additional strains identified in the tier II AAC analysis, indicating that our analyses were consistent.
The majority of the 29 diagnostic SNPs were found in genes that could be grouped into four specific functions: (1) sugar metabolism and transport, (2) ribosomal related, (3) redox related and (4) enterobactin related. Given that ribosomal-related genes have been utilized for phylogenetic analyses over the past decades, genes identified in our analysis that are classified into this function may present interesting phylogenetic markers in the future.
We then used the 29 diagnostic SNPs to scan the complete set of 1311 sequenced E. coli strains in NCBI. A very specific group of 51 E. coli strains (47 UPEC, 3 ExPEC and 1 APEC) were identified to contain all these SNPs. These 51 strains showed complete overlap with the 73 B2-related strains identified in the AAC analysis. However, the potential AIEC MS 110-3 was not among these 51 strains, suggesting that either MS 110-3 was not an AIEC or utilizing the combination of all 29 SNPs was too stringent for identifying pathogenic B2 strains.
Interestingly, the diagnostic SNPs from the kSNP/PPFS2 analysis included one of the tier I AACs. This was a change from arginine to cysteine at position 44 within the membrane protein YfbV (Table 1) , directly before the start of two transmembrane domains (Rapp et al. 2004; Daley et al. 2005) . YfbV has been shown to be required for the insulation properties (mediation of chromosomal interactions) of TidR and TidL during chromosomal organization, possibly through tethering these proteins to the membrane (Thiel et al. 2012) . It is possible to speculate that addition of a cysteine, with the potential to create disulfide bonds in the region within YfbV directly preceding the transmembrane domains, may impact on its ability to anchor to the membrane. The remaining five SNPs corresponding to the AACs from the proof of concept analysis did not reach the statistical threshold to be considered diagnostic.
Protein conservation analysis identifies three proteins unique to the identified pathogenic subgroup
In a complementary approach, we applied a similar method to identify unique proteins that cluster B2 AIEC with the smallest possible set of closely related strains. Using the 62 strains in the KEGG database, we identified three proteins, CRISPR/Cas system-associated proteins Cas5 and Cas6 and hypothetical protein (LF82 034; YP 002555197), that were uniquely conserved in the B2 AIEC and an additional five strains (eci, eih, ecv, ecz and ecoi) from the B2 phylogenetic group. Interestingly, the associated strains identified within this analysis matched the five strains of interest from the AAC analysis (Table 1) . Two of the three proteins (Cas5 and Cas6) also showed conservation in strain ecq, while the hypothetical protein was also found to be conserved in strain ecp. Given the presence of the CRISPR proteins in the commensal strain O81 ED1a (ecq) and their known functions, we further analyzed the sequence of the hypothetical protein. This hypothetical protein shares sequence similarity with known pentapeptide repeat-containing proteins from other bacteria; however, it lacks the pentapeptide repeats. When excluding E. coli, highest sequence similarity was observed for Citrobacter youngae, however, this was only at an identity of 55%, confirming a level of specificity to certain E. coli strains.
Interestingly, only 80 strains in addition to the four B2 AIEC strains were found to contain all three proteins Cas5, Cas6 (133 strains) and the hypothetical protein (144 strains). Comparison of these 80 strains with the 73 strains identified using the AAC analysis showed a high level of similarity between the analyses, with 71 strains identified to be common [ExPEC (including UPEC) and AIEC (including MS 110-3)]. Thus, a striking overlap of the associated strains list was observed between this analysis and the AAC analysis, confirming the evolutionary relatedness of this subgroup and suggesting functional significance for these three proteins in the phenotype of this subgroup.
CONCLUSIONS
In conclusion, we performed an analysis to identify possible genetic variations common across a subgroup of pathogenic strains belonging to the B2 phylogenetic group using multiple sequence alignment methods. We identified six AACs, which defined a subgroup of the B2 phylogenetic group containing AIEC, UPEC and ExPEC strains displaying close evolutionary association. The strength and nature of this association was tested in the subsequent comprehensive analysis step using the k-merbased SNP identification tool kSNP and the phenotype prediction tool, PPFS2. Twenty-nine high-resolution SNPs were identified as diagnostic. These diagnostic SNPs strongly clustered together the proposed subgroup of the B2 phylogenetic group and indicated a possible phenotypic association. Future work should examine the functional relevance of these genetic variations, to determine their association with specific virulence phenotypes.
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